Nine rhesus macaques (Macaca mulatta) were inoculated with a combination of two passaged strains of SIV mac (R71 and 17E), both of which are known to be neurovirulent. Auditory brainstem responses (ABRs) were recorded at regular intervals from these animals both before and after inoculation. Increases in ABR peak and interpeak latency were observed corresponding to progression of SIV disease. Post-inoculation increases in latency were observed for all ®ve peaks of the ABR and for interpeak intervals I ± V and III ± V. The largest increases in latency were associated with end-stage disease. Within 14 weeks of inoculation, all but two animals developed end-stage simian AIDS and were euthanized. Histopathological examination revealed multifocal lesions in the cerebral gray and white matter as well as in the auditory structures of the brainstem. In most animals, ABR changes were accompanied by evidence of underlying neuropathology. However, cases of severe neuropathology with no ABR abnormalities and vice versa were also noted. Though in a much shorter time frame, SIV mac R71/17E produced both physiological and histopathological abnormalities similar to those associated with HIV disease in humans. These results further support the SIV mac R71/17E infected rhesus macaque as an animal model of HIV related neurological disease in humans.
Introduction
It is well established that HIV not only causes loss of immune competence but also infects the central nervous system (CNS). Among the manifestations of HIV infection is the occurrence of severe neurological disease including neuropathy, myelopathy and impairments in memory, intellectual ability, visuospatial performance and motor function (Navia et al, 1986a; Navia and Price, 1987; Perry and Marotta, 1987; Price et al, 1988; Janssen et al, 1989; Butters et al, 1990; Krikorian and Wrobel, 1991; Stern, 1991; Egan 1992; Arendt et al, 1992; Bankaitis and Keith, 1995) . During the later stages of HIV disease (CDC stage IV), cognitive and motor impairments can be easily demonstrated with standard clinical neuropsychological testing. This constellation of symptoms is a common feature of AIDS and has been referred to as AIDS related dementia. The existence of early cognitive and motor de®cits associated with the asymptomatic phase of HIV infection is now also clear, although these de®cits may be quite subtle (Borstein et al, 1992; Sinforiani et al, 1991; Clifford et al, 1990; McAllister et al, 1992; Perry et al, 1989; Riedel et al, 1992; Arendt et al, 1990; Martin et al, 1991 Martin et al, , 1992a Karlsen et al, 1992a, b) . Upon post mortem examination, estimates of the number of AIDS patients with CNS lesions range as high as 80% (Elder et al, 1988) .
The physiological integrity of the auditory system in symptomatic and asymptomatic HIV-infected human subjects has been widely investigated using auditory brainstem evoked responses (Rosenhall et al, 1989; Hausler et al, 1991; Birchall et al, 1992; Pagano et al, 1992; Bankaitis, 1995; Bankaitis and Keith, 1995) . The auditory brainstem evoked response (ABR) is an electrophysiological measure of nerve volleys and summated synaptic activity recorded from the scalp following presentation of a click stimulus. Rosenhall et al. (1989) investigated ABRs in HIV positive patients, who were free from opportunistic infection and had no symptoms that would suggest altered neurophysiology. They found that 38% of their subjects had increases in the I ± V interpeak latency (IPL) difference. More recently, in an effort to demonstrate that the severity of abnormal neurophysiology may be related to the stage of HIV disease, Hausler et al (1991) recorded ABRs from both asymptomatic (CDC stage II and III) and symptomatic (CDC IV) HIV positive subjects. They found increased wave I ± V interpeak latencies in 57% (n=14) of symptomatic patients compared to 45% (n=14) of symptomatic patients compared to 45% (n=29) of otherwise healthy HIV positive patients.
Animal models of HIV disease allow control over the time and method of inoculation as well as viral and host factors. Another important advantage is that the time course of disease can be greatly compressed. Currently, several promising animal models of HIV disease are available including feline immunode®ciency virus (FIV) infection in the cat and simian immunode®ciency virus (SIV) infection in the rhesus macaque (Vitkovic et al, 1995) . Both FIV and SIV cause diseases similar in symptomology to HIV infection in humans (Lackner et al, 1991) . Neurophysiological abnormalities have been reported in association with both FIV infection in the cat and SIV infection in the monkey (Podell et al, 1993; Phillips et al, 1994; Henriksen et al, 1995; Prospe Âro-Garcõ Âa et al, 1996) . For example, Henricksen et al (1995) and Podell et al (1993) reported that the latencies of peaks III and IV of the ABR increase in cats following inoculation with the Maryland strain of FIV. In the monkey, Prospe Âro-Garcõ Âa et al. (1996) recently showed that the latencies of peaks IV and V and interpeak latencies (IPLs) I ± IV and I ± V increase following infection with a microgliapassaged strain of SIV mac 251.
Narayan and colleagues have demonstrated that two neurovirulent strains of SIV mac (R71 and 17E), derived from bone marrow-passaged virus, enter the brain early following inoculation (Sharma et al, 1992; Joag et al, 1994a, b) . However, it remains unclear whether there are any functional consequences of brain infection with these strains of SIV mac . As part of a larger comprehensive effort to characterize the behavioral and neurophysiological consequences of neurovirulent SIV infection in rhesus macaques, we recorded ABRs from nine macaques infected with neurovirulent SIV mac R71/ 17E both before infection and at regular intervals (every 4 to 6 weeks) following inoculation. Results presented in this paper show increases in peak times (II ± V) as well as interpeak intervals I ± V and III ± V.
Results

Morbidity and mortality
Seven of nine inoculated animals developed simian AIDS within 4 months and were euthanized. The mean post-inoculation survival time of these seven monkeys was 9.4 weeks (range 6 ± 14 weeks, Table  1 ). All of these animals were considered to have rapidly progressing disease. Prior to euthanasia they showed signs of wasting, though caloric intake was strictly monitored and maintained, as well as diarrhea, tremor, ataxia, weakness, dermatitis, gingivitis and loss of appetite. Both of the remaining two inoculated animals became productively infected and were euthanized following 25 (AQ15) and 20 months (AQ94) post-inoculation. Both animals exhibited wasting but were otherwise free of overt clinical signs except for the presence of widely disseminated skin tumors in AQ15 and liver disease in AQ94.
Latency changes
ABRs were recorded ipsilaterally in association with monaural clicks delivered to the right ear. Peaks I ± V were visually identi®ed and latencies and amplitudes were computer measured using a windowing device. Data were automatically transferred to a spreadsheet and plotted. Interpeak latencies (IPLs) were also calculated and plotted. Table 2 is a summary of the mean pre-and postinoculation peak and interpeak latencies for all nine monkeys. A consistent latency increase was observed in all of the ABR peaks; however, only peaks II ± V achieved statistical signi®cance. Signi®cant increases in the interpeak latencies were observed for intervals I ± V and III ± V. Table 3 gives the peak and interpeak latency increases that were signi®cant in individual monkeys. Only two of the seven monkeys with rapidly progressing disease (AQ38 and AQ20) failed to show an increase in peak latency or IPL exceeding two standard deviations of control. The remaining ®ve rapidly progressing monkeys showed increases in most peak and interpeak latencies, although not all increases exceeded the two standard deviation criterion. Neither of the two slow progressing animals, AQ15 and AQ94, showed increases in ABR latency.
Latency increases occurred within seven weeks of infection for all of the animals with rapidly progressing disease except one (AQ20) ( Table 1) . However, in most cases the increases only achieved two standard deviations of control when the animals were in the ®nal stages of disease. Even at the time of necropsy, AQ20 failed to show an increase in ABR latency. For animals AQ70 and AQ12, the observed latency changes increased in severity following their initial onset. No signi®cant changes in ABR threshold over the course of disease progression were detected in any of the monkeys. The mean threshold both preinoculation and post-inoculation was 4.4+1.3 (s.d.) dB for all of the animals except AQ94.
Virology
Following inoculation, virological data were collected every week for the ®rst month, every 2 weeks for the second month and every 4 weeks thereafter. In addition to complete blood chemistry, CD4 and CD8 counts were also measured along with viral protein levels (p27) from the plasma (Table 3 ). P27 levels served as the primary indicator of productive viral infection while the presence of virus was con®rmed by infectious cell assays (data not shown). The mean number of CD4 cells/ml of blood for all animals prior to inoculation was 1408+1126 The slow progressing disease exhibited by these two animals is reminiscent of the slowly or non-progressive type of infection observed in some people infected with HIV. At the time of euthanasia, AQ15 had a CD4 cell count of 177 and a viral load of 225; AQ94 had a CD4 cell count of 119 and a viral load of 0. Although, p27 levels in AQ94 were undetectable at the time of euthanasia, a p27 concentration of 332 pg/ml was detected at an early time point in disease progression.
Histopathology
Evidence of typical retroviral induced CNS neuropathology was observed in six of eight animals from which tissue was available (Tables 3 and 4) . A rigorous analysis of the brainstem auditory structures was done using sections stained with thionin (Table 4) . Broadly similar results were obtained from a more limited analysis based on hematoxylin/ eosin (H&E) stained sections. AQ69 did not exhibit typical SIV neuropathology, but rather encephalitic foci and necrotic lesions consistent with cytomegalovirus infection. AQ47's brain was not examined using the thionin stain due to tissue unavailability, but instead was examined using the standard H&E protocol. The thionin-stained auditory structures that were examined included the cochlear nuclear complex, the lateral lemniscus, the olivary complex, the inferior colliculus, and the medial geniculate body. Pathological ®ndings included perivascular mononuclear in®ltrates (PVCs), microglial nodules (MGNs) and multinucleate giant cell (GCs) reactions. The severity of the disease (based on the extent of dissemination, intensities, and type of in¯ammatory response) varied from animal to animal (Tables 3 and 4 ). All ®ve animals that exhibited ABR IPL increases had evidence of lesions in the brainstem auditory pathway. However, the severity of the neuropathology did not always correlate with the severity of the ABR latency increases. For example, AQ47 showed only mild pathology despite the fact that this monkey exhibited marked increases in ABR peaks I ± V and all interpeak intervals. The reverse also occurred and was more common. For example, AQ38 exhibited moderate neuropathology but had no signi®cant increases in ABR peak or interpeak latencies. It is interesting to note that neither of the two animals with slow progressing disease showed typical retroviral neuropathology. AQ15 showed only mild, focal meningo-encephalitis and AQ94 had no remarkable neuropathological changes.
Discussion
The overall objective of this study was to further characterize the neurovirulent SIV mac R71/17E model of neuro-AIDS. The auditory brainstem response provides a physiological measure of auditory pathway impairment and CNS involvement associated with SIV infection. Our results demonstrate ABR peak delays, and interpeak interval increases in SIV infected monkeys similar to those that have been reported in HIV infected humans. Because of its reproducibility and robustness, the ABR has been routinely used as a diagnostic test for demyelinating diseases of the CNS such as multiple sclerosis as well as a test for conductive and sensory-neuronal hearing loss in infants and other dif®cult to test patients (Schwartz and Grant, 1985) . The proximal and distal portions of cranial nerve VIII are thought to be the neural generators of ABR peaks I and II, respectively (Donohoe, 1988) . The superior olivary nucleus is thought to be the generator of peak III, while peak IV is attributed to the lateral lemniscus. Peak V is believed to originate from the inferior colliculus. By examining the IPLs of subjects, it is possible to draw conclusions pertaining to the etiology and location of possible pathology.
ABR data presented in this paper substantiates functional impairment of the brainstem auditory relay system in SIV infected monkeys. The increases in latency of peaks III ± V suggest lesions or demyelination in the upper brainstem. In all cases lesions in these locations have been con®rmed by pathology. We also observed small increases in the latency of peak II suggesting possible demyelination or conduction inpairment in cranial nerve VIII, which was unavailable for pathological examination.
It should be noted that while retroviral pathology and functional de®cits are often associated, our study of ABR pathophysiology revealed some instances in which the two did not match. All monkeys with ABR abnormalities showed neuropathology, although in some cases the severity of pathology was mild (AQ47). This is consistent with reports from human studies in which some subjects with HIV dementia had no associated neuropathology (Navia et al, 1986b; Glass et al, 1993) . The reverse also occurred; AQ38 had moderate neuropathology but no signi®cant ABR pathophysiology. These ®ndings, taken as a whole, suggest that functional injury and eventual neuronal death may be the most important pathologic event resulting from retroviral infection and this may occur with little or no classic neuropathology, ie. in¯ammatory lesions. Such functional injury might take the form of abnormal ®ring activity, conduction block, or impairment in synaptic transmission.
Animal investigations pertaining to the pathophysiology associated with lentivirus infection have, in the past, focused on the FIV model. Podell et al (1993) ; Phillips et al (1994) ; Henriksen et al (1995) all found increases in ABR latency following FIV infection. More recently, Prospe Âro-Garcõ Âa et al (1996) , reported increases in latency of ABR peaks in SIV infected macaques. Our results complement theirs in showing preferential effects on IPL III ± V as opposed to IPL I ± III (Table 2 ). This suggests that central auditory pathway function is more severely affected than peripheral structures by SIV infection. Retroviral damage to the CNS most clearly manifests when disease progresses to end-stage AIDS, and our study of ABRs in SIV infected macaques have con®rmed this. Although latency shifts began early in some cases, the most dramatic changes were associated with end-stage disease.
In summary, our results have demonstrated clear ABR peak latency and IPL shifts associated with SIV mac R71/17E infection in the monkey. These shifts re¯ect underlying dysfunction in the auditory pathway, particularly more central components of the pathway, possibly associated with demyelination and/or other pathophysiological processes. In conclusion, our results lend further support to the validity and potential usefulness of the SIV mac model of neuro-AIDS. We believe this model has great potential for in-vivo studies of pathophysiology and therapeutic interventions.
Materials and Methods
Subjects
Nine male rhesus macaques (Macaca mulatta) of Indian origin and free of the Simian Retrovirus-D and Herpes B virus served as subjects for recording evoked potentials. The monkeys were also trained to perform a behavioral test battery that included measures of reaction time, working memory and decision making ability. All nine monkeys were inoculated via bone marrow injection of the femur with two neurovirulent strains of SIV mac (R71 and 17E). Each animal received 0.5 ml of each infection cell-free homogenate for a total of volume of 1 ml that contained approximately 1000 TCID. Initially, ®ve monkeys were inoculated (Group A) and four monkeys served as controls (Group B). These four monkeys were then also inoculated six months after the Group A monkeys (Table 1) .
Animals were individually housed following Animal Biosafety Level 2 criteria in an AAALAC accredited facility. Daily temperature and health observations were noted and home cage behavior was recorded and rigorously scored weekly. Prior to inoculation, a baseline MRI was obtained along with blood and cerebrospinal¯uid (CSF) samples. Blood and CSF samples were then collected from all animals once a week for the ®rst month after inoculation, every 2 weeks for the second month, and thereafter, at 4 week intervals. Within 14 weeks of inoculation, 6 of 9 animals developed end-stage simian AIDS and were euthanized. One monkey, AQ69, died while recovering from iso¯urane anesthesia for a MRI procedure. This monkey showed signs of wasting but had not entered endstage disease. Two animals (AQ15 and AQ94) were productively infected but had slowly-progressing disease and were euthanized at 25 and 20 months due to systemic complications including wasting, liver disease and skin tumors. All procedures performed on these animals were approved by the University of Kansas Medical Center Animal Care and Use Committee and complied with the Guide for the Care and Use of Laboratory Animals established by the U.S. Department of Health and Human Services, National Institutes of Health.
The decision to euthanize was based on progression to any one of the following conditions: (1) wasting that exceeded 20% loss of original body weight, (2) failure to maintain an upright sitting posture, (3) severe loss of appetite, or (4) diarrhea unresponsive to treatment.
Data collection
At 1 month prior to inoculation and every 4 ± 6 weeks thereafter, daily behavioral training/testing was suspended for 1 ± 2 days so that ABRs could be recorded. Following each evoked potential (EP) session, all of the animals were allowed to recover for 2 days from any effects of anesthesia and then were returned to the behavioral test battery. They showed no lingering behavioral effects from anesthesia or evoked potential testing. Following an initial injection of atropine (0.05 mg/kg) and ketamine (10 mg/kg), anesthesia was maintained by subsequent doses of ketamine (10 mg/kg) at 20 ± 30 min intervals. ABR latency did not vary over our cycle of ketamine administration.
Using an infrared tympanic thermometer, temperature was measured on all monkeys at the beginning and end of each EP session. Body temperature was sustained by surrounding the animal with heated saline bottles during recording. Both ears were debrided before recording sessions.
ABRs were recorded in a sound attenuating chamber using Grass TM AC preampli®ers (Model P511) with ®lter settings of 100 Hz ± 3 kHz and a gain of 200 K. A Grass TM auditory click stimulator (Model S10CTCMA) was used to generate 100 ms square wave pulses at a frequency of 11.5 Hz. The square wave pulse was used to drive an E-ARTone TM tubephone (Model 3A; Cabot Safety Corporation, Indianapolis, IN) producing a click with a sound pressure level (SPL) of 88 dB. The tubephone was ®tted to the right external ear canal with a foam gasket. A total of 2000 stimulus repetitions was averaged and recorded using a custom Windows TM compatible software program (Neural Averager, Larry Shupe, Seattle, Washington) written for Cambridge Electronic Design (CED 1401 plus) data acquisition hardware. ABR thresholds were determined at a gain of 200 K while adjusting the SPL level of the stimulus. Peak V of the ABR typically had the lowest threshold. Each animal's ABR threshold was measured during each EP session. Thresholds were measured to within+2 dB.
ABRs were recorded using the international 10 ± 20 electrode con®guration and subdermal platinum needle electrodes (Grass TM model F-E2). CZ served as the active electrode and the right mastoid as the reference electrode. The right shoulder provided a noncephalic ground.
Off-line analysis
Averages for all EP sessions for a given monkey were combined in a single computer ®le for off-line measurement. The resulting summary ®le for each monkey served as a template for visual identi®ca-tion of peaks. Peak times and amplitudes were computer measured. Five peaks were identi®ed (I ± V) and three interpeak latencies (IPLs) were measured: I ± III, III ± V and I ± V (see Figure 3) . These peaks can easily be identi®ed in serial records covering more than 5 months including the control period (Figure 1) . The waveform and relative size of peaks was very reproducible representing a signature for each monkey.
Statistical methods
Mean differences in peak times and interpeak time intervals between pre-and post-inoculation periods were examined with a linear mixed model. This model is analogous to a repeated measures ANOVA, but it is amenable to the variability in numbers of pre-and post-inoculation observations for different animals. The mixed model approach allowed us to gain power from the individual observations on each animals while obtaining correct inference by controlling for the correlation in the multiple observations within a given monkey. P40.05 was considered signi®cant.
Graphical procedures were used to examine latency changes in individual animals. The procedure used is analogous to Shewert control charts often used in industrial process control (Box et al, 1978) . To generate the estimates of within monkey variability needed to construct the control charts, a variance components analysis was applied to the pre-inoculation observations from the nine animals to partition the different peak times and interpeak time intervals into between-animal and withinanimal components. Control charts for each animal were then constructed using the mean pre-inoculation peak latencies or interpeak times for that animal and the average within-monkey standard deviation obtained from the variance components analysis. Plots of the post-inoculation peak times and intervals were then compared to the expected range (mean+2 standard deviations) to assess whether SIV infection was indicative of`loss of control' of the system.
Histology
At necropsy, the animals were tranquilized with ketamine and anesthetized with pentobarbital (10 mg/kg) given intravenously until a surgical plane anesthesia was achieved. They were then exsanguinated from the descending aorta and perfused transcardially with two liters of normal saline followed by two liters of 10% neutral buffered formalin. AQ47 and AQ43 were not perfused with formalin so that fresh tissue samples could be collected for virological and molecular analyses. The brains were removed, ®xed in 10% formalin for 3 ± 4 days and hemisectioned. The right hemisphere was dissected in the coronal plane and representative areas from 12 ± 14 regions of the hemisphere and brainstem were embedded in paraf®n, sectioned at 5 mm and stained with H&E for histopathological analysis. In the case of macaques, AQ43 and AQ47, the freshly removed brain was dissected in a biosafety hood and 12 ± 14 regions of the central hemisphere and brainstem were snap-frozen and stored at 7708C for DNA analysis. Portions of the CNS tissue were also saved for viral isolation. The remaining portions of the right hemisphere were immersion ®xed in 10% formalin and dissected in the same manner as the other animals. The left hemisphere was ®xed in 10% formalin, blocked in the standard coronal plane and cryoprotected in 30% sucrose in 0.1 M phosphate buffer for stereological and immunohistochemical analysis. A sliding frozen microtome was used to section (50 mm) through a 38 mm block of tissue that included both the motor and sensory cortices as well as the entire basal ganglia and a large portion of the brainstem through the inferior olive. A 1/10 series of these sections was then mounted and stained with 1% thionin. The left hemisphere of AQ47 was not sectioned or stained with thionin due to its use in virological studies. AQ69, though not included in the H&E analysis, was sectioned and stained with thionin.
Auditory pathway analysis
Sections through the cochlear nuclear complex, lateral lemniscus, the olivary complex, the inferior colliculus, and the medial geniculate body were identi®ed using the Snider and Lee (1960) Stereotaxic Atlas of Macaqua mulutta A 406 planapochromatic objective, NA.65 attached to a Nikon microscope was used to examine the thionin sections. The presence, location and the number of microglial nodules (MGNs), perivascular cuf®ne (PVCs), and existence of multinucleate giant cells (GCs) was noted for each animal. A 0 to +++ scoring system was developed to rank the severity of neuropathology in each animal. The mean number of PVCs, MGNs and GCs were calculated for each area examined; a score of 0 was given if no PVCs, MGNs or PVCs were observed; a + score was given if pathology was present and the number of foci were within 1 standard deviation of the mean calculated for all monkeys, ++ if the number of foci were between one and two standard deviations of the mean; those areas exceeding two standard deviations were given a score of +++. Using this system a maximum score of 9 was possible, +++ for PVCs, +++ for MGNs, +++ for GCs for each area examined. To simplify the rating system, the following composite score assignments were made: 1-3, +; 4-6, ++; 7-9, +++. The total number of +'s was then summed to derive an overall neuropathology score for each monkey for the auditory pathway; total maximum score possible was 15 (®ve areas with +++). Each animal's composite neuropathology score appears in Table 3 (none: 0; mild: 1 ± 5; moderate: 6 ± 10; severe; 11 ± 15).
